were into the genes nfnA-2 at locus Dde_1250 (strain JK00256) and nfnB-2 at locus 1 0 2 Dde_1251 (JK01775). Hereafter, these strains are referred to as the nfnA-2 and nfnB-2 1 0 3 mutants. These loci encode the subunits for one of two paralogs of NfnAB in D. All strains were resuscitated from 10% glycerol freezer stocks stored at -80 °C. Resuscitated strains were inoculated into serum bottles containing approximately 50 ml 1 0 8 of a rich lactate/sulfate medium containing yeast extract (MOY_LS) and incubated at 1 0 9 30 °C. After reaching stationary phase, strains were then serially transferred three times 1 1 0 in a defined lactate/sulfate (80 mM/40 mM) medium (MO_LS). Late-log phase cultures 1 1 1 of the third transfer were diluted 1 to 100 into duplicate bottles for each isotope 1 1 2 fractionation experiment. There were five experimental growth conditions, which 1 1 3 combined an electron donor and 40 mM sulfate (for sulfate respiration), or an electron The basal growth medium recipe (MO) was as follows: 8 mM magnesium chloride, 20 1 1 9 mM ammonium chloride, 0.6 mM calcium chloride, 6 mL/L trace elements solution (see 1 2 0 below), 0.12 mM of FeCl 2 (125mM)+EDTA (250 mM) stock solution, 30 mM Tris-HCl 1 2 1 (2M, pH 7.4 stock). Sodium thioglycolate (0.12 g/L) was added as a reductant following 1 2 2 initial degassing. MO medium containing yeast extract (MOY) is generated by adding 1 2 3 yeast extract (0.1% w/v) to MO medium from an anoxic sterile stock. Media were made We calculated δ 2 H total as the weighted average of the δ 2 H lipid of each individual fatty acid 2 7 2 pool produced in each strain. We then calculated a total apparent fractionation ( 2 ε total ) for 2 7 3 the fatty acid pool (Sessions and Hayes, 2005) . The results are shown in Figure 4 . Apparent fractionations produced by the wild type strain were not discernable between 2 7 5 pyruvate/sulfate respiration ( 2 ε total = -171‰) and pyruvate fermentation ( 2 ε total = -168‰).
7 6
Similarly, both nfn mutants have 2 ε total = -171‰ when grown by pyruvate/sulfate 2 7 7 respiration. However, nfn mutants that grew by fermenting pyruvate had 2 ε total = -160‰ 2 7 8
for the nfnA-2 mutant and 2 ε total = -162‰ for the nfnB-2 mutant.
2 7 9 2 8 0
Differences in 2 ε total were more pronounced in the other growth conditions. In comparison 2 8 1 to growth on pyruvate, the wild type strain showed less negative 2 ε total as a consequence ordering among lipids was remarkably consistent. Figure 5 shows 2 ε lipid values for the 2 9 5 most abundant lipids in each combination of strain and culture conditions. For all three 2 9 6 strains, across nearly every culture condition, the fatty acid with the largest 2 ε lipid was 2 9 7 C16:1. The exceptions to this were produced by the pyruvate fermentation experiments, 2 9 8 in which the largest 2 ε lipid observed was in anteiso-C17:1 in all three strains, and by 2 9 9 fumarate fermentation by the mutants, where the C16:1 was in too low abundance for δ 2 H 3 0 0 measurements ( Figure 5 ). Across all sulfate reduction experiments, fatty acids containing 3 0 1 a double bond were nearly always depleted relative to their saturated homologue. This was true for both straight-chain and branched fatty acids. Differences in δ 2 H were larger 3 0 3 between C16 and C16:1 than between C18 and C18:1, driven by the particularly strong 3 0 4 2 H depletion in C16:1. This pattern was muted in the fermentation experiments. We also 3 0 5
found that saturated anteiso-branched fatty acids produced during sulfate reduction were 3 0 6 always depleted relative to straight-chain fatty acids. This pattern did not hold for 3 0 7 unsaturated anteiso-fatty acids or for lipids produced during fermentation. Saturated iso-3 0 8
branched fatty acids had similar δ 2 H as saturated straight-chain fatty acids. The lipid with 3 0 9
the least negative 2 ε lipid was iso-C18:0 ( Figure 5 ). When produced under certain sulfate 3 1 0 reducing conditions this lipid was enriched in 2 H relative to media water ( 2 ε lipid > 0‰). The regular ordering of lipid δ 2 H values suggests that the variations in 2 ε total were mainly We examined whether changes in the abundance of particular lipids were correlated with 3 2 6 each other, with growth rate, or with 2 ε total . A graphical display of Pearson correlation 3 2 7
indices for each variable pair is shown in Figure S3 This indicates that 2 ε total is strongly 3 2 8 correlated with the relative abundance anteiso-C17:0 fatty acid, and negatively correlated 3 2 9
with C16 and C16:1 fatty acid. However, the relative abundance of each of these fatty
acids was strongly correlated (negatively, for anteiso-C17:0 fatty acid) with average 3 3 1 growth rate (μ). Growth rate emerged as a strong correlate of 2 ε total ( Figure 6 ). This study aims at improving our understanding of the influence of intracellular though when D. multivorans was growing in co-culture with the methanogen 3 7 7
Hydrogen isotopes and intracellular electron flow
Methanosarcina acetivorans it produced a more muted range in 2 ε total of ~36‰ (Dawson fermentation generated an 2 ε total slightly more enriched than the wild type (Figure 4 , Respiration and fermentation of fumarate, along with respiration of malate, show nearly 4 8 0 identical patterns in growth rate and in 2 ε total for each of our three strains (Figure 4 ). This 4 8 1
suggests an underlying mechanism uniting these growth conditions. with the total isotopic fractionation ( Figure S3 ). The fractional abundance of branched negatively correlated with growth rate. We can reason two ways in which changing δ 2 H 4 8 7
values of fatty acids may result in a less negative 2 ε total ( Figure S2 ). The isotopic ordering 4 8 8 of lipids may be altered, resulting in a net change in 2 ε total ; alternatively, there could be a isotope fractionation imposed by SRB during dissimilatory sulfate reduction (Chambers al., 1975; Kaplan and Rittenberg, 1964; Leavitt et al., 2013; Sim et al., 2011 Sim et al., , 2013 . Wing and Halevy, 2014). Similar controls could be at work in controlling hydrogen 5 0 5
isotope fractionation: ratios of NAD(P)H/NAD(P) + and intracellular redox state are 5 0 6
related and the partitioning of hydrogen between these pools could exert a direct effect on 5 0 7 δ 2 H lipid . However, we cannot rule out the possibility that the correlation with growth rate 5 0 8
is fortuitous, and correlations between δ 2 H lipid and growth rate have not been observed in The biggest differences in δ 2 H that we observe in these experiments are not between 5 2 4 growth on various substrates or between wild type and mutant, but among individual fatty driving these differences will be key to the interpretations of the isotopic compositions of that the isotopic differences may reflect a different process than that articulated here. branched fatty acids relative to the straight chain fatty acids ( Figure S2 ). Biosynthesis NfnAB is widely distributed in anaerobes, and may play a role in determining δ 2 H lipid in 5 7 5 other organisms. Future work will aim to isolate these variables and further strengthen factors in the determining the hydrogen isotope ratios of lipids. Incorporation of hydrogen atoms from deuterated water and stereospecifically 7 1 7 deuterium-labeled nicotinamide nucleotides into fatty acids with the Escherichia coli (diauxic) growth patters (e.g. fumarate + sulfate), as is apparent from the growth curves 7 7 6 ( Fig. 2) . Mutation of NfnAB inhibits this reaction and may result in a relative NADPH surplus. the five different growth condition tested (A to E). Sample key: wild type (black circles, 7 9 7 dotted lines) or nfnAB-2 transhydrogenase insertion-deletion mutants, nfnA-2 (blue 7 9 8 diamonds, dashed lines) and nfnB-2 (red squares, dash-dotted lines). The double bond 7 9 9
in n-C16, iso-C16, iso-C17, anteiso-C17 is located at the Δ 9 carbon, and on the n-C18 8 0 0
and iso-C18 at the Δ 11 carbon. The two C17:1's were in too low abundance following biological replicates for each strain given that condition set, and the standard error of 8 0 3
individual fatty acid quantifications is <0.5% between biological replicates (error bar 8 0 4
significantly smaller than the symbols). replication n avg. = 3, range 1 to 6), with SEM. Phylum. Bootstrap values (out of 100) are shown at each branch point. These are the same values as in Figure 5 (N = 2, and technical replication n avg. = 3, range 1 to 6), with SEM. 
